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1969.-Viscosity (7) was determined on plasma, serum, and Ringer suspensions of erythrocytes from five mammalian species with different mean corpuscular volume (MCV) : elephant 112 pa, man 90 p3, dog 74 pa, sheep 37 p3, and goat 18 p3. Samples with cell percentages (H) ranging from 5% to maximum packing were tested with a modified version of GDM viscometer at 37 C and shear rates ($ from 52 to The apparent viscosity (7, centipoises), which is the ratio of the shear stress (7, dyne/cm2) to the shear rate (+, se@), is calculated as:
The estimation of y is based on the assumption that the velocity gradient across the gap (960~) between the inner and the outer cylinders is linear, and the geometry of the viscometer used in the present measurements is such that 9 is equal to 1.04 N; 7 is directly proportional to the measured torque and the proportionality factor is determined by the viscosity standard oils (National Bureau of Standards, Washington, D. C.). The operational principle of the viscometer has been described elesewhere (4, 7). In all instances, the samples were thoroughly mixed immediately before the measurement.
At low shear rates, the torque generated with the rotational cylinder varied with time, especially in whole blood (first rising and later declining)
( 1 1 ), and the maximum torque value was arbitrarily used for calculating the apparent viscosity (4). The elephant has the highest values for @-globulin and fibrinogen, and its ESR is also the highest.
Viscome tric Data
Relation between viscosity and shear rate. In Fig. 1 Fig. 2 . The 7-H data for the elephant, as well as those for the other species, were fit by third-power polynomial curves with the aid of an IBM 7094 computer (Fig.  3) . The degree of spread of data in the other species is similar to that shown for the elephant in Fig. 2 .
PLASMA SUSPENSIONS. In Fig. 3A , the relation of q to H at two shear rates (52 and 0.052 set-l) are shown for the plasma suspensions of erythrocytes. In all species, increasing the H Cell percentage Erythrocyte counts, 106/mm3 Hemoglobin, g/100 ml MCV, p3 MCHC, g/100 ml Serum protein, g/100 ml Albumin, g/100 ml a-globulin, g/100 ml @-globulin, g/100 ml r-globulin, g/100 ml Fibrinogen, g/100 ml Albumin/globulin, g/100 ml 
Plasma
Serum (Fig. 3B) are generally lower than those for the corresponding plasma suspensions (Fig. 3A) . At both shear rates shown in Fig. 3B , the difference among the serum suspensions of these five species is similar to, but generally less marked than, that among the plasma suspensions. RINGER SUSPENSIONS. In general contour, the 7-H curves of Ringer suspensions for all five species are similar (Fig. 3C) . The values of Ringer suspensions are generally lower than those of the corresponding plasma or serum suspensions (Fig. 3, A and B) A, B, and C: suspensions in plasma, serum, and Ringer, respectively. and sera are Newtonian (i.e., v is independent of shear, as shown in Fig. 1, A-E) .
Estimation of Degree of Shear Rate Dependence of Suspension Viscosity
The large species differences in viscometric characteristics of erythrocyte suspensions are revealed by the 7 vs. $ curves at selected H values (Fig. 1) and even more strikingly by the 7 vs. H curves at high (52 set-l) and low (0.052 set -l) shear rates (Fig. 3) Degree of shear dependence in serum and plasma suspensions (D, and DP). In comparison to the protein-free Ringer suspensions, the presence of serum proteins markedly increased the degree of shear dependence in erythrocyte suspensions of the elephant, man, and dog, but not in those of the sheep and goat (Fig. 4B) . In serum suspensions of elephant, human, and dog erythrocytes, the degree of shear dependence (DS) increases fairly rapidly even at the low H and approaches a plateau as H reaches 80%. In the presence of fibrinogen in addition to serum proteins, the plasma suspensions of elephant, human, and dog erythrocytes show an even stronger shear dependence (Dr) than the corresponding serum suspensions (Fig. 4C ).
E$ects of plasma proteins on shear dependence. As mentioned above, the effect of serum proteins on shear dependence is calculated as (D, -DJ and the influence of fibrinogen is CELL PERCENTAGE computed as (D, -DJ. Fig. 5A shows that serum proteins increase the shear dependence for the elephant, man, and dog, and that the effect is maximum at H of approximately 65 %. Fig. 5B shows that the effects of fibrinogen on shear dependence in the elephant, man, and dog are similar to, but more striking than, those of serum proteins; especially in view of the fact that the fibrinogen concentration is only 0.3-0.6 g/100 ml. In the goat and sheep, the shear dependence is enhanced neither by the serum proteins (Fig. 5A ) nor by fibrinogen (Fig. 5B ). It has long been known that the existence of fibrinogen in human erythrocyte suspensions causes rouleaux formation or aggregation of erythrocytes (6) and that a marked shear dependence at low shear rate is due to the formation of erythrocyte aggregation as a result of cell-protein interaction (3, 20) . It is interesting that in elephant, dog, and human erythrocyte suspensions, fibrinogen causes erythrocyte aggregation as well as an increase in shear dependence; whereas in sheep and goat erythrocyte suspensions, fibrinogen does not cause the formation of aggregates and it also has no effect on shear dependence.
In all species, when the H is elevated above 65%, the influence of suspending media on shear dependence is reversed, i.e., the calculated shear dependence becomes highest in Ringer suspensions and lowest in plasma suspensions. Therefore negative values are obtained for (D, -DJ as well as for (D, -Dr) (Fig. 5,A and B) . These results seem to suggest that the presence of serum proteins and fibrinogen exerts a lubricating effect on the cell surface, reducing the cell-to-cell friction at high H.
Relative role of cell-cell interactions and cell-protein interactions on shear dependence. In a previous report on human blood (4), the characteristic non-Newtonian behavior (or shear dependence)
has been attributed to two major factors, namely cell-protein interaction (e.g., aggregate formation) at low and normal H and cell-cell interaction (e.g., cell ._.. (Fig. 3C) . These results indicate that with a MCV between 18 and 90p3, erythrocyte size has no demonstrable influence on the 7 in monodispersed suspensions.
Since the Ringer suspension of elephant erythrocytes at H lower than 50% has a higher v at 0.052 set-l than that of erythrocytes from the other four species, it seems that r) at this low shear rate increases with MCV when the latter is between 90 and 11 2p3. In the presence of plasma proteins, especially fibrinogen, elephant, human, and dog erythrocytes form rouleaux or aggregates (Fig. 6 , A-C). Microscopic observations indicate that goat and sheep erythrocytes (Fig. 6 , D-E) do not form large aggregates in the presence of plasma proteins, and this is also reflected in the absence of a measurable sedimentation rate in these species (Table  1) . It is interesting to note that at low shear rates (e.g., 0.052 set-l), the 71 of plasma suspensions (Fig. 7A ), but not that of Ringer suspensions (Fig. 7B) 
